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A METHOD OF FORMING A CONDUCTIVE BARRIER LAYER HAVING IMPROVED 
ADHESION AND RESISTIVITY CHARACTERISTICS 

FIELD OF THE PRESENT INVENTION 

The present invention generally relates to the field of fabrication of integrated circuits and 
more particularly relates to the formation of an interconnection requiring the provision of 
a barrier layer between a bulk metal and a dielectric in which the interconnection is 
embedded. 

DESCRIPTION OF THE RELATED ART 

In an integrated circuit, a huge number of circuit elements, such as transistors, 
capacitors, resistors, and the like are formed in or on an appropriate substrate, usually in 
a substantially planar configuration. Due to the large number of circuit elements and the 
required complex layout of the integrated circuits, generally the electrical connection of 
the individual circuit elements may not be established within the same level on which the 
circuit elements are manufactured, but requires one or more additional "wiring" layers, 
also referred to as metallization layers. These metallization layers generally include 
metal lines, providing for the inner-level electrical connection, and also include a plurality 
of inter-level connections, also referred to as vias, wherein the metal lines and vias may 
also be commonly referred to ias interconnect. 

Due the continuous shrinkage of the feature sizes of circuit elements in modern 
integrated circuits, the number of circuit elements for a given chip area, that is the 
package density, also increases, thereby requiring an even larger increase in the number 
of electrical interconnections to provide for the desired circuit functionality. Therefore, 
the number of stacked metallization layers increases as the number of circuit elements 
per chip area becomes larger. Since the fabrication of a plurality of metallization layers 
entails extremely challenging issues to be solved, such as mechanical, themnal and 
electrical reliability of up to twelve stacked metallization layers that are required, for 
examples, for sophisticated aluminum-based microprocessors, semiconductor 
manufacturers are increasingly replacing the well-known metallization metal aluminum by 
a metal that allows higher current densities and hence allows to reduce dimensions of 
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the interconnections. For example, copper is a metal generally considered to be a viable 
candidate for replacing aluminum due to its superior characteristics in view of higher 
resistance against electromigration and significantly lower electrical resistivity when 
compared with aluminum. In spite of these advantages, copper also exhibits a number 
of disadvantages regarding the processing and handling of copper in a semiconductor 
facility. For instance, copper may not be efficiently applied onto a substrate in larger 
amounts by well-established deposition methods, such as chemical vapor deposition 
(CVD), and also may not be effectively pattemed by the usually employed anisotropic 
etch procedures, (n manufacturing metallizatfon layers including copper the so-called 
damascene technique is therefore preferably used wherein a dielectric layer is first 
applied and then pattemed to receive trenches and vlas, which are subsequently filled 
with copper. A further major drawback of copper is its property to readily diffuse in 
silicon dioxide, which is a well-established and approved dielectric material in fabricating 
integrated circuits. 

It is therefore necessary to employ a so-called bamer material in combination with a 
copper-based metallization to substantially avoid any out-diffusion of copper into the 
surrounding dielectric material, as copper may readily migrate to sensitive semiconductor 
areas, thereby significantly changing the characteristics thereof. The barrier material 
provided between the copper and the dielectric material should, however, in addition to 
the required barrier characteristics, exhibit good adhesion to the dielectric material as 
well as to the copper and should also have as low an electrical resistance as possible so 
as to not unduly compromise the electrical properties of the interconnection. It turns out, 
however, that a single material may not readily meet the requirements imposed on a 
desired barrier material. For example, a bi-layer comprised of tantalum and tantalum 
nitride are frequently used as barrier materials in combination with a copper damascene 
metallization layer. Tantalum, which effectively blocks copper atoms from diffusing into 
an adjacent material even when provided in extremely thin layers, however, exhibits only 
a poor adhesion to silicon dioxide based dielectrics, so that a copper interconnection 
including a tantalum barrier layer may suffer from reduced mechanical stability especially 
during the chemical mechanical polishing of the metallization layer, which is required for 
removing excess copper and planarizing the surface for the provision of a further 
metallization layer. The reduced mechanical stability during the CMP may, however, 
entail sever reliability concerns in view of reduced thermal and electrical conductivity of 
the interconnections. On the other hand, tantalum nitride exhibits excellent adhesion to 
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silicon dioxide based dielectrics, but has very poor adhesion to copper Consequently, in 
advanced integrated circuits having a copper based metallization, typically a barrier bi- 
layer of tantalum nitride/tantalum is used, as will be described in more detail with 
reference to Figs. 1a-1c. 

In Fig. 1a, a metallization structure 100 comprises a substrate 101, for example, a 
semiconductor substrate bearing a plurality of individual circuit elements (not shown), 
such as transistors, resistors, capacitors, and the like. The substrate 101 is to represent 
any type of appropriate substrate with or without any additional circuit elements and may, 
in particular, represent sophisticated integrated circuit substrates having included therein 
circuit elements with critical feature sizes in the deep submicron regime. A first dielectric 
layer 102 is formed above the substrate 101 and includes a metal interconnection 104 
comprised of a metal line 103, such as a copper line, and a first barrier layer 106 
comprised of tantalum, and a second banrier layer 105 comprised of tantalum nitride. 
The dielectric layer 102 and the metal Interconnection 104 may represent a first 
metallizatfon layer. A second drelectric layer 107 comprised of silicon dioxide or a silrcon 
dioxide based dielectric material is formed over the first dielectric layer 102 and has 
fonned therein a trench 109 and a via 108 connecting to the metal line 103. A first 
barrier layer 1 10 is formed on inner surfaces of the via 108 and the trench 109. 

A typical process flow for forming the metallization structure 100 as shown in Fig. 1a may 
include the following steps, wherein, for the sake of simplicity, only the formation of the 
second metaflization layer, i.e., of the second dielectric layer 107 and the metal 
interconnection to be fonned therein, will be described in detail as the processes in 
forming the metal interconnection 104 in the first dielectric layer 102 may substantially 
involve the same process steps. Thus, after planarizing the dielectric layer 102, 
including the metal interconnection 104, the dielectric layer 107 is deposited by well- 
known deposition methods, such as plasma-enhanced CVD, wherein typically an etch 
stop layer (not shown) may be deposited prior to the formation of the second dielectric 
layer 107. Subsequently, the dielectric layer 107 is patterned by well-known 
photolithography and anisotropic etch techniques, wherein an intermediate etch stop 
layer (not shown) may be used in patterning the trench 109. It should further be noted 
that different approaches may be employed in forming the trench 109 and the via 108, 
such as a so-called via first trench last approach, or a trench first via last approach, 
wherein in the former approach the via 108 may be filled with metal prior to the formation 
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of the trench 109. In the present example, a so-called dual damascene technique is 
described in which the trench 109 and the via 108 are simultaneously filled with metal. 
After the formation of the via 108 and the trench 109, the first barrier layer 110, 
comprised of tantalum nitride, is deposited by advanced physical vapor deposition (PVD) 
or ionized PVD (IPVD) techniques. Generally, the deposition of the thin barrier layer 
110, typically with a thickness in the range of approximately 30-50 nm, in a reliable 
manner throughout the entire inner surfaces of the trench 109 and the via 108, wherein 
in particular the via 108 may have a large aspect ratio, requires advanced sputter tools 
that aWow to effectively control the directionality of the target atoms. An appropriate 
sputter tool will, in principle, be described later with reference to Fig. 3. Generally, it is 
desirable to select the deposition parameters so as to obtain a reliable coverage of the 
sidewalls and bottom surfaces of the trench 109 and the via 108 at a minimum thickness 
of the layer 1 10 so that only a minimum amount of space is "consumed" by the layer 1 10. 
Increasing the thickness of the barrier layer 110 would otherwise unduly compromise the 
electrical conductivity of the interconnection to be formed in the via 108 and the trench 

109. especially when the feature sizes of the via 108 are scaied to 0.2 and less. 

Fig. lb schematically shows the metallization structure 100 with a second barrier layer 
111 followed by a copper seed layer 112 formed on the structure 100 and within the 
trench 109 and the via 108. As previously noted, due to the superior adhesion 
characteristics of tantalum with regard to copper, the second barrier layer 111 is 
substantially comprised of tantalum so that in combination a desired high degree of 
adhesion is obtained to the surrounding dielectric material of the layer 107. The second 
barrier layer 1 1 f may be deposited within the same sputter tool as the first barrier layer 

110. wherein the supply of nitrogen is discontinued so as to substantially deposit 
tantalum Instead of tantalum nitride. Thereafter, the copper seed layer 112 is deposited 
by sputter deposition, wherein a different deposition tool or a tool adapted to deposit 
tantalum and copper is used. The provision of the copper seed layer 112 may be 
advantageous in view of the crystallinity of the subsequently electrochemically deposited 
bulk copper compared to a direct provision of the copper on the tantalum bam'er layer 

111. Next, copper is deposited on the metallization structure 100, for example, by 
electroplating, in an amount to reliably fill the via 108 and the trench 109, Since the 
reliable filling of the trench 109 requires a certain amount of "over-fill", the excess copper 
has to be removed along with the first and second barrier layers 110, 111 so as to 
reliably insulate adjacent trenches 109 from each other. The removal of the excess 



P 33955 • 

GrOnecker, Kinkefdey, Stockmair 
& SchwanhSusser - AnwaltssozietSt 



5 



DE 0247 



material and the simultaneous planarization of the structure 100 is typically accomplished 
by CMP, wherein the superior overall adhesion characteristics of the combined first and 
second barrier layers 110, 111 allow the polishing of the structure 111 substantially 
without any issues regarding the mechanical stability of the inlaid copper in the trench 

109 and the via 108. 

Fig. 1c schematically shows the metallization structure 100 after completion of the 
above-described process sequence. Copper 113 is filled in the trench 109 and the via 
108 and the excess metal of the barrier layers 110, 111 and of the copper 113 is 
removed to provide a substantially planar surface 1 15 for receiving a further metallization 
layer or a final passivation layer. Although the metallization structure 100 exhibits good 
adhesion characteristics while at the same time substantially preventing outdiffusion of 
copper into the surrounding dielectric layer 107, it is evident that at an interface 114 
between the copper 103 and the copper 1 13 in the via 108, tantalum nitride of the layer 

110 is directly in contact with the copper 103, thereby causing possible adhesion issues 
owing to the poor adhesion of tantalum nitride to copper The reduced adhesion of the 
barrier layer 110 on the copper 103 may lead to a significantly increased transition 
resistance due to partial delamination or due to a void formation at the interface 114. 
thereby significantly negatively affecting the device's reliability and performance. 

In view of the above-identified problems, there is a need for an improved barrier layer 
allowing the formation of more reliable metal interconnections, especially of copper 
interconnections. 

SUMMARY OF THE INVENTION 

Generally, the present invention is directed at an improved barrier layer technique in 
which substantially all of the interfaces of a metal interconnection to the surrounding 
materials have Improved adhesion characteristics. In particular, at bottom surfaces of 
damascene metallization structures, the deposition characteristics in manufacturing the 
barrier layer are controlled in such a manner that an improved bamer layer structure 
having the required adhesion qualities is obtained. To this end, process parameters 
during the sputter deposition of the barrier material are controlled to deposit a first 
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component preferentially at the bottom surface without unduly contaminating the sidewall 
areas. 

In accordance with one illustrative embodiment of the present invention, a method of 
forming a barrier layer in an interconnect structure formed on a substrate comprises 
adjusting a direction of target atoms in a deposition ambient by ionizing a fraction of the 
target atoms and applying a bias voltage to the interconnect structure so as 
predominantly deposit target ions on a bottom surface of the interconnect structure to 
form a bottom barrier layer Then, a composition of the deposition ambient is changed 
while reducing the bias voltage to deposit a second barrier layer on sidewalls of the 
interconnect structure. Next, the deposition ambient is substantially re-establishing and 
target atoms are conformally deposited to form a third barrier layer over the bottom 
barrier layer and the second barrier layer. 

According to still a further embodiment of the present invention, a method of forming a 
tantalum based barrier layer comprises the deposition of tantalum by ionized physical 
vapor deposition primarily at a bottom surface of a via. Moreover, a tantalum 
nitride/tantalum bi-layer is deposited on sidewalls of the via. 

According to a further illustrative embodiment, a metallization structure in an integrated 
circuit comprises a first metal region formed in a first dielectric layer and a second metal 
region formed above the first metal region in a second dielectric layer. A barrier layer 
stack Includes a first sublayer and a second sublayer and separates the second metal 
region from the second dielectric layer and the first metal region, wherein the first sub- 
layer is in contact with the second dielectric layer, and the second sublayer is in contact 
with the first metal region. 

In accordance with still another illustrative embodiment of the present invention, a 
metallization structure includes a first copper region embedded in a dielectric material 
and a second copper region embedded in a dielectric material, wherein a barrier layer 
connecting the first and second copper regions differs from the barrier layer separating 
the second copper region from the dielectric material. 



BRIEF DESCRIPTION OF THE DRAWINGS 
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Further advantages, objects and embodiments of the present invention are defined in the 
appended claims and will become more apparent with the following detailed description 
when taken with reference to the accompanying drawings, in which: 

Figs, 1a - 1c schematically show cross-sectional views of a conventional copper 
containing metallization structure during the various manufacturing stages; 

Figs. 2a - 2d schematically show cross-sectional views of a metallization structure during 
the various manufacturing stages in accordance with illustrative embodiments of the 
present invention; 

Fig. 3 schematically illustrates a deposition tool as may be employed for forming the 
barrier layer of the metallization structures as shown in Figs. 2a-2d and Fig. 4a and 4b; 
and 

Fig. 4a and 4b schematically depict a dual damascene metallization structure in 
accordance with still further illustrative embodiments of the present invention. 

DETAILED DESCRIPTION 

While the present invention is described with reference to the embodiments as Ulustrated 
in the following detailed description as well as in the drawings, it should be understood 
that the following detailed description as well as the drawings are not intended to limit the 
present invention to the particular illustrative embodiments disclosed, but rather the 
described illustrative embodiments merely exemplify the various aspects of the present 
invention, the scope of which is defined by the appended claims. 

In the following illustrative embodiments, a banrier layer on the basis of tantalum and 
tantalum nitride is referred to since these materials currently appear to be the most 
promising candidates for manufacturing copper-based metallization layers. Certain 
aspects of the present invention may. however, be applied to other barrier materials, 
such as titanium/titanium nitride based barrier layers, or barrier layers requiring the 
incorporation of three or more components when device requirements may necessitate 
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barrier and adhesion characteristics other than those provided by a tantalum/tantalum- 
nitride based barrier layer. Moreover, although the present invention is especially 
advantageous when applied to copper based metallization layers, other metals may be 
used if appropriate for specified applications. Thus, the present invention should not be 
considered as limited to any particular embodiment disclosed herein unless such 
limitations are expressly set forth in the appended claims. 

With reference to Figs. 2, 3 and 4, further illustrative embodiments of the present 
invention will now be described in more detail. 

In Fig. 2a, a metallization structure 200 comprises a substrate 201 having formed 
thereon a first dielectric layer 202 containing a metal line 204 comprised of a metal 
region 203, including, for instance, copper, a first barrier layer 205 and a second barrier 
layer 206. A second dielectric layer 207 is formed above the first dielectric layer 202, 
wherein a via 208 connecting to the metal region 203 is formed in the dielectric layer 
207. A bottom barrier layer 215 Is formed at an interface 214 between the via 208 and 
the metal region 203. The bottom banrier layer 216 is also provided on top of the 
dielectric layer 207. whereas sidewalls 217 of the via 208 are only minimally covered or 
are substantially without material of the bottom barrier layer 215. In one particular 
embodiment, the bottom banrier layer 215 is substantially comprised of tantalum. 

A typical process flow for forming the structure 200 includes the following process steps. 
After completion of the metal line 204 in the first dielectric layer 202. the second dielectric 
layer 207, which in one embodiment is a silicon dioxide based dielectric material, or 
which in other cases may be a silicon and oxygen-containing dielectric material, for 
example a low-k dielectric material, is deposited, wherein an additional etch stop layer 
(not shown) may be deposited prior to the formation of the dielectric layer 207. 
Subsequently, the via 208 is formed by appropriate photolithography and anisotropic 
etch techniques, which may include process steps as previously described with 
reference to Fig. 1a. Thereafter, the bottom banrier layer 215 is formed by sputter 
deposition, as indicated by reference number 220, wherein process parameters of the 
sputter process are adjusted to obtain a substantially perpendicular incidence of the 
tantalum ions with respect to the surface of the structure 200. Thus, the deposition of the 
bottom barrier layer 215 is substantially restricted to horizontal portions (with respect to 
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the substrate 201), such as the interface 214 between the via 208 and the metal region 
203. 

An appropriate sputter deposition tool will now be described in nnore detail with reference 
to Fig. 3, 

In Fig. 3, a process chamber 307 includes a substrate holder 301 that is configured to 
receive a substrate, such as the substrate 201, and may further be adapted to provide a 
stabilized temperature and to allow the application of a bias voltage in the form of high 
frequency voltage or DC voltage, wherein, for the sake of simplicity, corresponding 
means are not shown. Furthermore, a plasma generation means 302 is provided in the 
vicinity of a sputter target 303, which may substantially be comprised of a plate including 
the desired target material, such as tantalum. The target 303 may include corresponding 
cool elements required for maintaining the sputter target 303 below a specified 
temperature. A respective plasma excitation generator, for example in the form of an RF 
generator and/or a DC generator (not shown) Is connected to the plasma generating 
means 302 and the sputter target 303 so that a plasma may be maintained in the vicinity 
of the sputter target 303. Typically, a magnet assembly 304 is provided so as to 
enhance the efficiency of the plasma in the vicinity of the sputter target 303 and improve 
target utilization. Ionization means 305 connected to an appropriate excitation source, 
such as an RF generator or a DC voltage source, are anranged between the plasma 
generating means 302 and the substrate holder 301 . Moreover, a gas source 306 is 
provided and configured to supply one or more gases to the process chamber 307 to 
thereby establish a required gas ambient. Any means for maintaining a required 
pressure, temperature and the like within the process chamber 307 are typically provided 
in modem IPVD tools and are not shown in Fig. 3. Furthermore, depending on a specific 
type of sputter tool 300, the geometry within the process chamber 307 may significantly 
vary and therefore process parameters during operation of the sputter tool 300 have to 
be selected on the basis of the specifics of the process chamber 307. In one 
embodiment, the present invention may be employed with a sputter deposition tool with a 
hollow cathode configuration available from Novellus Inc. 

In forming the bottom barrier layer 215, the substrate 201 is inserted into the process 
chamber 307 and an appropriate atmosphere is established within the process chamber 
307. For example, argon may be supplied to the process chamber 307 so as to establish 
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a specified pressure in the chamber 307. Moreover, the temperature of the substrate 
201 may be adjusted to an appropriate value and a bias voltage Is applied to the 
substrate 201, required for the subsequent deposition of tantalum to form the bottom 
barrier layer 215. By energizing the plasma generating means 302, a plasma is 
generated or charged particles of an already existent plasma are accelerated towards 
the sputter target 303. The target atoms, that is the tantalum atoms, liberated from the 
sputter target 303 will finally approach the ionization means 305 and may then be 
accelerated towards the substrate 201 due to the applied bias voltage. The bias voltage 
establishes a highly uniformly oriented ion bombardment wherein the tantalum atoms 
and argon atoms, depending on the ratio of tantalum and argon atoms within the process 
chamber 307, are driven towards the substrate 201 on substantially perpendicular 
trajectories. Therefore, tantalum is deposited preferentially at horizontal surface 
portions, such as the interface 214 within the via 208. The "selectivity" or bottom 
coverage of tantalum deposition, i.e., the deposition of tantalum, on the sidewalls 217 in 
relation to the interface 214, substantially depends on the applied bias voltage and may 
also be influenced by the chamber pressure, the substrate temperature, and the like. In 
particular, the applied bias voltage has to be selected in conformity with the specifics of 
the process chamber 307 to obtain the desired position selectivity. Suitable parameter 
values may be obtained by experiment by varying the bias voltage and/or the chamber 
pressure and/or the chamber geometry, i.e., the distance of the ionization means 305 
from the substrate holder 301 , the substrate temperature, and the like, for a specified 
type of metallization structure. Typically, a deposition selectivity of approximately 3-10 
may be obtained by appropriately adjusting the above-identified process parameters, 
especially the bias voltage, in presently available sputter tools for ionized physical vapor 
deposition. Once the process parameter setting for a required deposition selectivity is 
established, a time interval of the tantalum deposition in the range of approximately 2-10 
seconds allows the formation of the bottom barrier layer 215 within the via 208 with an 
average thickness of approximately 2-5 nm for a via 208 having an aspect ratio of 5 and 
more. 

Subsequently, nitrogen is supplied to the process chamber 307 and the bias voltage is 
discontinued or at least significantly reduced to decrease the degree of directionality of 
the ions deposited on the substrate 201. 
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Fig. 2b schematically shows the situation described above, wherein a deposition ambient 
221 is created for depositing tantalum nitride on the substrate 201, wherein the 
deposition selectivity, i.e., the bottom coverage, is significantly reduced. Thus, a 
tantalum nitride layer 210 is formed on the sidewalls 217 and at the bottom of the bias 
208, wherein a thickness of the layer 210 on the sidewalls 217 may be significantly 
greater than at the bottom of the via 208. 

Fig. 2c schematically shows the metallization structure 200 with a second barrier layer 
211 formed in a substantially conformal manner so that a thickness thereof on the 
sidewalls 217 is comparable to a thickness at the bottom of the via 208. For depositing 
the second barrier layer 21 1, the supply of nitrogen into the process chamber 307 may 
be discontinued and the bias voltage, possibly in combination with the chamber 
pressure, may be adjusted so as to obtain the required deposition characteristics in the 
deposition ambient 222. Hence, at the interface 214 the metal region 203, comprising, 
for example, copper, is in direct contact with the bottom barrier layer 215, substantially 
comprising tantalum, followed by the tantalum nitride layer 210, and finally by the 
tantalum layer 211. As a consequence, the adhesion properties at the interface 214 are 
considerably improved compared to a conventional via as, for example, shown in Fig. 1c. 

After formation of the barrier layers 215, 210 and 21 1 . the further process sequence may 
be continued as already described with reference to Figs, lb and 1c to finally obtain a via 
208 filled with copper, wherein excellent adhesion characteristics are obtained at all 
interfaces of the via 208 to the adjacent materials. 

In some applications, it may be advantageous to further optimize the electrical transition 
resistance between the copper and the via 208 and the copper in the metal region 203 
by reducing the thickness of the barrier layer 210. i.e., the tantalum nitride layer at the 
bottom of the via 208. 

Fig. 2d schematically shows the metallization structure 200 in accordance with a further 
embodiment, wherein, starting from the configuration as shown in Fig. 2b, the thickness 
of the tantalum nitride layer 210 may be reduced at the bottom of the via 208 by 
performing a re-sputtering process with an appropriately high bias voltage to obtain a 
substantial perpendicular incidence of the oncoming ions. For example, by appropriately 
controlling the plasma generating means 302 and of the bias voltage applied to the 
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sputter target 303, the amount of liberated tantalum atoms may be reduced so that 
significantly more argon ions are involved in re-sputtering tantalum nitride from the 
bottom of the via 208 to the sidewalls 217 thereof. After removing a sufficient amount of 
tantalum nitride from the bottom of the via 208, the manufacturing process may be 
resumed as described with reference to Fig. 2c to finally obtain a copper interconnect 
having a reduced resistivity due to the reduced thickness of the tantalum nitride layer 210 
at the via bottom. As previously noted with respect to process parameters during the 
sputter deposition of the layers 215, 210 and 211, an appropriate parameter setting may 
be obtained for a specified deposition tool by experiment, wherein the bias voltage and 
the chamber pressure may represent the dominant variables. 

With reference to Figs. 4a-4b, further illustrative embodiments of the present invention 
will now be described. In Fig. 4a a metallization structure 400 comprises a substrate 401 
including a first dielectric layer 402 with a metal line 404 formed therein. The metal line 
404 may comprise a copper region 403 confined by first and second barrier layers 405 
and 406, similar to those as previously described with reference to Fig. 1a and Fig. 2a. A 
second dielectric layer 407 is fomried above the first dielectric layer 402 with a via 408 
and a trench 409 formed in the second dielectric layer 407. A bottom barrier layer 415 is 
formed substantially on horizontal surface portions of the structure 400. 

Regarding the formation of the metallization structure 400 as shown in Fig. 4a, similar 
process steps as already described with reference to Fig. la and with respect to the 
formation of the bottom barrier layer 215, as described with reference to Fig. 2a. may be 
applied. In some applications, the provision of the bottom barrier layer 415 directly on 
the second dielectric layer 407. indicated by 415a, may be considered as inappropriate, 
and therefore a re-sputtering process may be carried out in a deposition atmosphere 420 
in the presence of substantially argon and nitrogen ions, wherein the process parameters 
and, in particular, the bias voltage applied between the substrate 401 and the ionization 
means 305 is adjusted so as to obtain a substantially non-oriented ion bombardment. 
Consequently, the thickness of the bottom area layer 415a provided at the bottom of a 
relatively wide opening compared to the via 408 and having a comparatively low aspect 
ratio, is significantly reduced, whereas the bottom barrier layer 415 within the via 408 is 
insignificantly affected by the re-sputtering process. The re-sputtering process may be 
discontinued once a desired reduction of the thickness of the layer 415a, or even a 
substantially complete removal thereof, is achieved. In other embodiments, the 
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deposition of the bottom barrier layer 415a, having a reduced adhesion to the dielectric 
layer 407, may be acceptable since the remaining sidewalls remain substantially 
uncovered and may then be coated with a tantalum nitride layer having excellent 
adhesion to the dielectric layer 407. Thus, the slight reduction in the overall mechanical 
stability may be acceptable in some applications 

Irrespective of the embodiments used, the further processing may be resumed as 
described with reference to Figs. 2b and 2c. 

Fig. 4b schematically shows the metallization structure 400 after the formation of a first 
barrier layer 410, comprised of tantalum nitride substantially formed on sidewalls 417 
within the via 408 and the trench 409. followed by a second barrier layer 411 
substantially comprised of tantalum. Moreover, the via 408 and the trench 409 are filled 
with copper 413 with any excess material of the barrier layers 415. 410 and 41 1 and the 
copper 41 3 removed by chemical mechanical polishing. Thus, the metallization structure 
400 represents a copper interconnect formed in accordance with the dual damascene 
technique, wherein substantially all of the interfaces between copper and a barrier layer 
are formed by a tantalum/copper interface exhibiting excellent adhesion characteristics. 
It should be noted that the transition resistance from the via 408 to the metal region 403 
may be reduced by reducing the thickness of the layer 41 0 at the bottom of the via 408 
as is described with reference to Fig. 2d so that mechanical, extremely stable copper 
interconnects may be obtained that exhibit an extremely low transition resistance 
i^l^^^ compared to the conventional metallization structure as shown In Fig. 1c. 

As a result, by exploiting the superior characteristics of modem ionizing physical vapor 
deposition tools, i.e.. by adjusting the directionality of ions onto a substrate, metal 
interconnects may be formed wherein substantially all of the surfaces of trenches and/or 
vias may receive a barrier component allowing a maximum degree of adhesion. 
Furthermore, the resistivity from one metal region to a neighboring metal region may be 
optimized by reducing the thickness of a barrier component having an increased 
resistivity compared to a second barrier component. 

Further modifications and variations of the present invention will be apparent to those 
skilled in the art in view of this description. Accordingly, this description is to be 
construed as illustrative only and is for the purpose of teaching those skilled in the art the 
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general manner of carrying out the present invention. It is to be understood that the 
forms of the invention shown and described herein are to be taken as the presently 
preferred embodiments. 
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CLAIMS 

1 . A method of forming a barrier layer in an interconnect structure formed on a 
substrate, the method comprising: 

adjusting a direction of target atoms in a deposition ambient by ionizing a fraction 
of said target atoms, and applying a bias voltage to said interconnect structure so 
as predominantly deposit target ions on a bottom surface of the interconnect 
structure to form a bottom barrier layer; 

changing a composition of said deposition ambient while reducing said bias 
voltage to deposit a second barrier layer on sidewalls of said interconnect 
structure; 

substantially re-establishing said deposition ambient; and 

conformally depositing target atoms to form a third barrier layer over said bottom 
barrier layer and the second banrier layer, 

2. The method of claim 1 , wherein said deposition ambient comprises tantalum. 

3. The method of claim 1 . wherein at least a fraction of said target atoms is liberated 
from a sputter target. 

4. The method of claim 1 , wherein adjusting a direction of the target atoms further 
includes controlling a pressure of a deposition atmosphere surrounding said target 
and said substrate. 

5. The method of claim 1, wherein adjusting a direction of the target atoms further 
includes controlling at least one of a substrate temperature and geometry factor 
during the deposition of the target ions. 

6. The method of claim 1, wherein said bias voltage is applied for approximately 1-5 
seconds. 
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7. The method of claim 6, wherein a thickness of said bottom barrier layer is in the 
range of approximately 1 -5 nm. 

8. The method of claim 1, further comprising re-sputtering a portion of the second 
barrier layer prior to depositing said third barrier layer. 

9. The method of claim 1, further comprising determining an amount of said bias 
voltage for a specified deposition tool and a given set of process parameters prior 
to adjusting the direction of the target atoms. 

10. The method of claim 9, wherein said process parameters include at least one of a 
pressure of the deposition ambient, a temperature of the substrate, an ionization 
power for ionizing said target atoms and a magnetic field prevailing in said 
deposition ambient. 

11. The method of claim 1, wherein said deposition ambient is changed by adding 
nitrogen. 

12. The method of clam 1 . wherein said interconnect structure includes a trench and a 
via formed therein, and said method further comprises re-sputtering a portion of 
material of the bottom barrier layer prior to forming said second barrier layer. 

13. A method of forming a tantalum based barrier layer, the method comprising: 

depositing tantalum by ionizing physical vapor deposition primarily at a bottom 
surface of a via formed in a dielectric layer of a metallization structure; and 

depositing a tantalum nitride/tantalum bi-layer on sidewalls of said via. 

14. The method of claim 13, wherein said physical vapor deposition includes applying 
a bias voltage to said metallization structure to direct tantalum atoms liberated 
from a sputter target substantially perpendiculariy to said bottom surface. 

15. The method of claim 14, further including controlling a pressure of a deposition 
atmosphere during said physical vapor deposition. 
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16. The method of claim 14, further including controlling at least one of a substrate 
temperature and geometry factor during the physical vapor deposition. 

17. The method of claim 14, wherein said bias voltage is applied for approximately 1- 
5 seconds. 

18. The method of claim 13, wherein a bottom barrier layer is formed during the 
physical vapor deposition and a thickness of the bottom barrier layer is in the 
range of approximately 1-5 nm. 

19. The method of claim 13, further comprising re-sputtering a portion of the tantalum 
atoms prior to depositing a tantalum nitride/tantalum bi-layer. 

20. The method of claim 14, further comprising determining an amount of said bias 
voltage for a specified deposition tool and a given set of process parameters prior 
to depositing tantalum ions. 

21. The method of claim 20, wherein said process parameters include at least one of 
a pressure of a deposition ambient, a temperature of the metallization structure, 
an ionization power for ionizing said tantalum atoms and a magnetic field 
prevailing in said deposition ambient. 

22. The method of claim 13, wherein said tantalum nitride/tantalum bi-layer is 
deposited by ionized physical vapor deposition. 

23. The method of claim 13. wherein said tantalum ions and said tantalum 
nitride/tantalum bi-layer are deposited in a common process chamber without 
breaking a vacuum established therein. 

24. The method of clam 13, wherein said metallization structure includes a trench and 
a via formed therein, and said method further comprises re-sputtering a portion of 
tantalum atoms deposited on a bottom surface of said trench prior to depositing 
said tantalum nitride/tantalum bi-layer. 



P 33955 

GrUnecker, Kinkeldey, Stockmair 
& Schwanh^usser - Anwaltssoziet^t 



18 



DE 0247 



25. A metallization structure in an integrated circuit, comprising: 
a first metal region formed in a first dielectric layer; 

a second metal region formed above the first metal region in a second dielectric 
layer; 

a barrier layer stack including a first sublayer and a second sublayer and 
separating the second metal region from the second dielectric layer and the first 
metal region, wherein the first sub-layer is in contact with the second dielectric 
layer, and the second sublayer is in contact with the first metal region. 

26. The metallization structure of claim 25, wherein a material of the second sublayer 
has a greater adhesion to the metal of the first metal region than a material of the 
second sublayer. 

27. The metallization structure of claim 26, wherein said first sublayer comprises 
tantalum nitride and said second sublayer comprises tantalum. 

28. The metallization structure of claim 27, further comprising a tantalum layer formed 
over said first sub-layer and in contact with the second metal region. 
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ABSTRACT 



The adhesion properties of a metal interconnect structure are enhanced by selectively 
depositing a barrier layer component having good adhesion to an underlying metal on 
the bottom surface of a via. Then, a further barrier layer having superior adhesion 
characteristics for the dielectric is formed on the dielectric sidewalls of the via, so that 
excellent adhesion to the dielectric and the underling metal is achieved. The selectivity 
of the deposition may be accomplished by exploiting the capabilities of modern IPVD 
tools. 
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